The results of experiments in developing a method for extracting three-dimensional information from a scene by means of a polarimetric passive imaging sensor are summarized. This sensor provides a full Stokes vector at each sensor pixel location from which degree and angle of linear polarization are computed. The angle of linear polarization provides the azimuth angle of the surface normal vector. The depression angle of this surface normal vector is obtained in terms of the emitting object's index of refraction from the solution of an equation derived from Fresnel equations, Snell's law, and percent of linear polarization. Results of the application of this approach to simulated infrared polarimetric data are provided. © 2007 Optical Society of America OCIS codes: 100.0100, 100.5010.
Determination of three-dimensional (3D) information from passive sensors has been a subject of interest in remote sensing and optical information processing communities for the past several decades. 3D imaging can be achieved by determining the orientation angles of surface normals at every point in the scene. Some of the previously studied methods include shape from shading, stereo imaging, and more recently the use of reflectance polarization diversity that operates in the visible and near IR range of the electromagnetic (EM) spectrum. [1] [2] [3] The polarization of a plane wave describes the locus of the tip of the electric vector as a function of time in a plane normal to the propagation direction. This locus is generally an ellipse. The sense of rotation or handedness of is denoted as right-handed (left-handed) when the electric field vector rotates as a right-handed (left-handed) screw in the propagation direction. The Stokes vector 4 is defined as
where the electric field is in the following form:
where is the ellipticity angle of the polarization ellipse and is its tilt angle. The parameter a is the signal intensity. The vectors h and v are unit vectors in the horizontal and vertical directions, and r is the relative phase between E V and E H . State of polarization can also be represented in terms of two other parameters, percent of linear polarization, P LP , and angle of linear polarization, Ang LP :
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Ang LP is the same angle as the polarization tilt angle, .
Thermal polarization can be viewed as a special case of refraction polarization. In this case an EM wave emanating from an object impinges on its interface with air, refracts and travels through the atmosphere, and is intercepted by an infrared sensor.
Consider this interfacing surface patch as s. The orientation of the vector normal to this surface can be described by two angles: the angle between the sensor and the normal to the surface patch, , and the azimuth angle of the plane of incidence, which is composed of the line of sight from the sensor to a point on the surface of the object and the normal to the surface at that point. As observed by Fresnel this unpolarized EM wave, upon its impinging on the interface, is reflected and refracted. The refracted wave is polarized in a direction perpendicular to the plane of incidence, and the reflected wave is polarized in a direction parallel to the plane of incidence; these two components are related by the following equations:
where i is the same as discussed earlier. t is the angle of EM wave that impinges on the interfacing surface patch. These equations are referred to as the Fresnel equations. It has been shown 3 that P LP is related to the above parallel and vertical components according to
which by making use of Snell's law leads to the following two solutions for :
where n is the relative index of refraction of the emitting object. Figure 1 shows plots of the two solutions for angle in terms of r͑P LP ͒ and n. In this figure the range of variation of n is set to be from 1.001 to 10. However, n is in general a complex number. The imaginary part of it is called the extinction coefficient, which indicates the amount of absorption loss when the electromagnetic wave propagates through the material. This value is typically larger than 1 for a transparent material. The range of P LP is from 0 to 1.
To completely specify the surface normal vector, in addition to the angle , the azimuth angle of the plane of incident also needs to be specified. This angle is the same angle as the polarization of the tilt angle, or Ang LP , described earlier. Thus the surface normal in a scene can be completely specified by the knowledge of and .
Using a physics-based IR modeling tool we generated polarimetric images of a tactical scene. In this scene, several aircraft hangars are connected by runways and the target is parked on the grass. In some images (Figs. 2-4 ) the target was an M35 truck. In other images (Figs. 5-7) a T72 tank was substituted for the truck. For the polarimetric sensors, we assumed we are using off-the-shelf components. We included the characteristics of the Santa Barbara focal plane SBF-119 640ϫ 512 InSb focal plane array. We also included the characteristics of a 400 mm lens available from Applied Physics Specialities. Among the simplifying assumptions made in this scenario are the following: (1) All surfaces have the same temperature, 24°C. (2) Only two surface materials exist: grass, which emits unpolarized light, and glossy paint, which emits polarized light with characteristics described by Fresnel equations. We use a complex index of refraction of 1.5+ i0.15, which is representative of paint in the wavelength range 3 -5 m. (3) No sun is present.
The range from sensor to target varies from 5 to 12 km. At 5 km the target and a hangar are well resolved. At 12 km the target subtends only 4 pixels.
For each scenario P LP , S 2 , S 3 , Ang Lp , and the images for the two resulting angles [see Eq. (9)] were computed. The depression angles for surface normals, , are computed for a range of values for indices of refraction from 1.001 to 10. In each case these angles are computed for pixels whose P LP values exceed values from 0.3 to 0.6. Figures 2-7 show P LP , S 2 , S 3 , Ang LP , and first of the two resulting angles for the scene described earlier for an M35 truck and a T72 tank at 5 km ranges. Table 1 shows the variation of estimated surface normal depression angles for six different surface patches on the M35 truck and T72 tank. For the surface patches from the truck, the angles show that all three patches have similar values. However, since their corresponding angles are not identical, it could be an indication that the three patches come from different portions of a curved surface. Table 1 also shows that the estimated values have standard deviations of around 6.5°for tank patches. However, for truck patches the standard deviations are 6.8°. The variations become much smaller at larger values of n. In this table n varies by equal increments from n 1 = 1.001 to n 9 = 10.
Even though the variations of are not negligible, the approach could be useful in providing rough estimates of the actual surface normal depression angles.
In this Letter we reported on the results of an approach to address the problem of extracting 3D information from a single passive polarimetric imaging sensor. This can be achieved by computing the orientation angles of the emitting surface normal vector. It was shown that by solving an equation derived from the Fresnel equations, and Snell's law, the depression angle of this vector can be estimated. The angle of the plane of incidence that defines the azimuth angle of the surface normal vector is computed from the angle of linear polarization that is derived from the Stokes vector parameters. The approach was tested on a set of simulated polarimetric imagery of a scene containing several man-made and natural objects. The results indicate that even though the depression angles of the surface normals are dependent on knowing the emitting object's refractive index, by computing these angles for a range of indices of refraction at each highly polarized pixel, one can obtain a rough estimate of the object's 3D surface normal orientation angles.
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